The frequency dependent polarizabilities of the francium atom are calculated from the available data of energy levels and transition rates. Magic wavelengths for the state insensitive optical dipole trapping are identified from the calculated light shifts of the 7s 2 S 1/2 , 7p 2 P 1/2,3/2 and 8s 2 S 1/2 levels of the 7s 2 S 1/2 − 7p 2 P 1/2,3/2 and 7s 2 S 1/2 − 8s 2 S 1/2 transitions, respectively. Wavelengths in the ultraviolet, visible and near infrared region is identified that are suitable for cooling and trapping. Magic wavelengths between 600-700 nm and 700-1000 nm region, which are blue and red detuned with the 7s − 7p and 7s − 8s transitions are feasible to implement as lasers with sufficient power are available. In addition, we calculated the tune-out wavelengths where the ac polarizability of the ground 7s 2 S 1/2 state in francium is zero. These results are beneficial as laser cooled and trapped francium has been in use for fundamental symmetry investigations like searches for an electron permanent electric dipole moment in an atom and for atomic parity non-conservation.
I. INTRODUCTION
Radioactive and stable atomic isotopes have been in use as a tool for studies of nuclear β-decay and for fundamental symmetry violation studies such as atomic parity non-conservation (APNC) and searches for a permanent electric dipole moment (EDM) and other studies. Traditionally these experiments were carried out using particles from a long lived parent nuclei and atomic beams. Development of laser cooling and trapping methods produced ultracold atomic samples that resulted in improved manipulation of the atoms and precision measurements [1] . Specifically, ultracold radioactive samples produced using the above techniques enabled the rare species to be used more efficiently and minimization of the systematic effects. This has been demonstrated with 82 Rb [2] , 21 Na [3] , 37m,37 K [4] , and 225 Ra [5] . Recent reviews on the progress and status of these experiments can be found in [6] [7] [8] [9] .
Additionally, the optical dipole trapping method of ultracold atoms offers many advantages [10] . To mention, the feasibility of implementation with various configurations, selection of polarization of the laser in addition to the blue and red detuning of frequency with respect to the transition of the atom under investigation. This method of trapping has been found helpful for β-decay and EDM studies and the advantage of using cold atoms for these studies has been discussed [11] [12] [13] . The optical dipole trapping of radioactive 82 Rb [14] and 225, 226 Ra has been achieved [5, 15] . Further, the 'magic wavelength' concept developed for optical dipole trapping of atoms resulted in unprecedented improvements in ultracold atom studies [16, 17] . Here, our interest is in francium (Fr) atom that is being used for fundamental symmetry violation * dammalapati.umakanth.a8@tohoku.ac.jp studies, in particular, search for an electron permanent electron dipole moment [18] .
Francium, a radioactive heavy alkali metal is one of the widely used radioactive atoms for fundamental symmetry violation studies. Because of its high Z and other properties, it is advantageous for studies of atomic parity violation [19, 20] , searches for an electron permanent electric dipole moment [18] and nuclear anapole moment [21] . It is also one of the most experimentally investigated radioactive elements in terms of atomic laser spectroscopy: measurement of energy levels [22] [23] [24] [25] [26] [27] ; lifetimes [28] [29] [30] [31] [32] ; and isotope shifts and hyperfine structure [33] . Laser cooling and trapping of different Fr isotopes has been achieved by different groups [19, [33] [34] [35] . Added to this, there have been many theoretical calculations of energy levels, dipole matrix elements, lifetimes of states, isotope shifts and hyperfine structure and the enhancement factors for symmetry violation studies [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . This also supports that Fr is a good candidate for the above mentioned studies. Static and tensor dynamic polarizabilities and magic wavelengths of naturally abundant alkali elements were reported [46] [47] [48] . However, there is no information on ac-Stark shifts (light shifts) and magic wavelengths for francium atom.
In this paper we report calculated ac-Stark shifts of the 7s 2 S 1/2 level, 7p 2 P 1/2,3/2 levels and the 8s 2 S 1/2 level in francium. The light shifts are calculated from the available information of energy levels and transition rates. For the 7s 2 S 1/2 − 7p 2 P 1/2,3/2 , D1 and D2 transitions and the electric dipole forbidden 7s 2 S 1/2 −8s 2 S 1/2 transition magic wavelengths are identified for the state insensitive optical dipole trapping, which are useful for different experimental studies. Also, tune-out wavelengths of francium at which the ac polarizability of the ground state becomes zero for the 7s − 7p, 7s − 8p and 7s − 9p transitions are presented.
II. DYNAMIC POLARIZABILITIES
The formalism of the light shift calculations is similar to that reported in [49] . In brief, for an atom, the ac-Stark shift or frequency dependent dynamic polarizability of an atomic state with an angular momentum, J is written as:
where I(r) is the intensity of the laser, ω is the angular frequency of the radiation, q is the polarization of light and m i is the magnetic sub-state of the atomic level i. The induced dynamic polarizability, α i can be calculated from the relation
(2) where the expression in the large parentheses is the 3J-symbol, J i and J k are the angular momenta of the initial and final states and A ki is the transition rate of the transitions with frequencies, ω ik connected to the state under investigation by electric dipole selection rules, c is the speed of light and h is the Planck constant. q = 0 for linear (π) and q = ±1 for circular (σ ± ) polarization of light. For calculations, dipole trap laser power, p = 1 W and a beam waist, w = 50 µm is used. Further, we have also checked our method for rubidium (Rb) atom and the magic wavelengths reported in the literature agree with our values [47] .
For francium, the 7s 2 S 1/2 − 7p 2 P 1/2,3/2 transitions are used for laser cooling and trapping. The 7s 2 S 1/2 − 8s 2 S 1/2 transition is of interest for atomic parity symmetry violation studies. The spectroscopic data for neutral Fr atom such as energy levels, transitions and transition rates, hyperfine structure constants and isotopes shifts of various Fr isotopes available from both experimental and theoretical studies has been compiled by Sansonetti [50] . For the calculation of ac-Stark shifts and the corresponding identification of magic wavelengths and tune-out wavelengths we have taken data of energy levels and transition rates from Ref. [50] . Rich information is available for 212 Fr isotope in terms of energy levels and transition rates. The calculations carried out in the present work mainly make use of the 212 Fr isotope data. The energy levels (cm −1 ) and transition rates (10 8 s −1 ) are given in Table. I. We have observed two differences in Ref. [50] . The 8p 2 P 3/2 energy level value given in Table 5 of [50] is higher by 0.004 cm −1 from Table 4 (of [50] ). In Table 4 The ground state of the neutral Fr atom with the configuration 7s 2 S 1/2 and the excited 7p 2 P 3/2 level corresponds to the D2 transition at 718.185 nm (vacuum). The dynamic polarizabilities are calculated for the 7s 2 S 1/2 level considering the np 1/2,3/2 (n = 7 − 20) levels of all electric dipole allowed transitions. In Fig. 1 the red solid lines are the ac-Stark shift spectra of the 7s 2 S 1/2 (m J = 1/2) state. Similarly, the dynamic polarizabilities of the excited 7p 2 P 3/2 level are calculated considering the transitions connected from this level to the ns 1/2 (n = 9 − 20) and nd 3/2,5/2 (n = 7 − 20) states. The light shifts are shown in Fig. 1A as blue dashed lines for the 7p 2 P 3/2 (m J = 3/2) state as a function of detuning of the perturbing laser for linear polarization of the light. For the 7s 2 S 1/2 level, the dominant contribution to the polarizability is from the 7p 2 P 1/2 , 7p 2 P 3/2 , 8p 2 P 1/2 , 8p 2 P 3/2 states and to some extent 9p 2 P 1/2 and 9p 2 P 3/2 levels. Contribution from higher excited level transitions is negligible and are not shown in Fig. 1A . Also, the availability of laser sources around 300 nm with sufficient power to implement a dipole trap is less feasible. The identified magic wavelengths are denoted as slanted black circles.
Magic wavelengths in the ultraviolet (UV), visible (VIS) and near infrared (NIR) region are identified. Two magic wavelengths are identified for the 9p 2 P 1/2,3/2 states at 365.99 nm and 369.14 nm and two at 425.63 nm and 435.26 nm corresponding to the 8p 2 P 1/2,3/2 states, respectively. In the 500-600 nm wavelength region eighteen (18) magic wavelengths are located (all the wavelengths are not marked in Fig. 1A . We have marked only the wavelengths that are well separated for clarity). Of them, two magic wavelengths between 545 nm and 546 nm are shown in Fig. 1B , which are very close. Similarly, four magic wavelengths in the red region, 600-700 nm and five wavelengths in the near infrared region at 729.73 nm, 731.77 nm, 783.35 nm, 967.19 nm and 1111.7 nm, respectively are identified. Lasers with sufficient power to implement an optical dipole trap at magic wavelengths in the 600-1000 nm region are available. Another advantage is that the red wavelengths correspond to the blue detuning with respect to the resonance frequency of the D2 transition of francium. The wavelength at 783.35 nm is close to the tune-out wavelength 782.96 nm (See Table IV ). However, the photon scattering rate is 2.7 s −1 for the considered dipole trap parameters, which will limit the coherence time of the trapped atoms. We have also checked magic wavelength values using the transition rates from the experimental lifetimes of the 7p 2 P 1/2,3/2 states. The observed difference is below 0.1 nm. In addition, we have also calculated the light shifts for the circular (σ) polarization of the laser light and designated the magic wavelengths. All the magic wavelengths obtained for linear and circular polarizations of the dipole trapping laser are given in Table II . The uncertainty of the identified magic wavelengths lies between 0.03 nm and 0.06 nm, which is from the wavelengths of the transitions and in identification of the position.
Light shifts are also calculated for the 7s 2 S 1/2 (m J = 1/2) state and the 7p 2 P 3/2 (m J = 1/2) state of the 7s 2 S 1/2 − 7p 2 P 3/2 transition. The obtained light shifts for the linear polarization of the laser light are shown in Fig. 2 . The red solid line corresponds to the 7s 2 S 1/2 level, the blue dotted line corresponds to the 7p 2 P 3/2 level and magic wavelengths are marked with slanted black circles. In total thirty six magic wavelengths are identified between 360 nm and 1200 nm extending from UV region to NIR infrared region: four magic wavelengths in 350-500 nm region corresponding to the 8p and 9p levels; twenty in the range of 500-600 nm; six in 600-700 nm region; and six between 700-1200 nm. The light shifts and magic wavelengths calculated for circular polarization of the dipole trapping laser are given in Table II .
Another parameter that needs to be considered for optical dipole trapping of atoms is the heating rate. The photon scattering rate from the dipole trap laser light gives rise to heating of the atoms and consequent loss from the trap. We have estimated the photon scattering rates at different magic wavelengths. For example, a dipole trap laser at 645 nm scatter photons at 1.5 s
and a laser at 1112 nm scatters about 0.15 s −1 . The operation of the dipole trap at magic wavelengths minimizes all the systematic affects due to light shifts. There has been a proposal for measuring an electron EDM using cesium (Cs) atoms in optical lattices and the advantage of using blue tuned dipole trap with linear polarization has been discussed [13] . In our experiment, we plan to implement an optical dipole trap laser using the linear polarization of light. A detailed evaluation of all the systematics specific to Fr EDM experiment is beyond the scope of this paper.
The 7s 2 S 1/2 − 7p 2 P 1/2 transition, also called the D1 line in francium has a vacuum wavelength of 817.166 nm. It has been used as a repumping transition for laser cooling and trapping of francium isotopes. Light shift calculations for this transition are carried out considering both linear and circular polarizations of the optical dipole trapping laser. Shown in Fig. 3A are the light shifts of the ground 7s 2 S 1/2 (m J = 1/2) level (red solid line) and the excited 7p 2 P 1/2 level for the m J = 1/2 state (blue dashed line) from 350 nm to 1000 nm. The polarizabilities are calculated considering the nd 3/2 (n = 7 − 11) and ns 1/2 (n = 9−20) states. In this transition, we have identified total thirty one (31) magic wavelengths spread from ultraviolet to near infrared region for linear polarization of the laser light. In the 350-500 nm region ten magic wavelengths are identified. Sixteen magic wavelengths in the 500-600 nm region are identified, which are given in Table II . In the red wavelength region, 600-700 nm, two magic wavelengths at 621.1 nm and 642.8 nm are identified and are shown in Fig. 3A . In the near infrared region, magic wavelengths at 745.40 nm, 797.75 nm and 871.62 nm are identified. In Fig. 3B , ten magic wavelengths that are very close and not shown in Fig. 3A between 500 nm and 520 nm are presented. Similar calculations for circular polarization of the laser light are performed. A magic wavelength at 1116.2 nm is identified. The magic wavelengths for the m J = −1/2 state and the m J = +1/2 state are also given in Table II .
The forbidden 7s 2 S 1/2 − 8s 2 S 1/2 transition in francium is of interest for atomic parity non-conservation studies. Two photon spectroscopy and lifetime of the 8s 2 S 1/2 state has been reported [26, 32] . We have calculated the magic wavelengths for the state insensitive optical dipole trapping of laser cooled francium atoms. To calculate the light shifts, for the 7s 2 S 1/2 level, we have considered energy levels and transition rates of the 
III. TUNE-OUT WAVELENGTHS
For an atomic state, tune-out wavelength is defined as the wavelength for which frequency dependent polarizability become zero. The details of the concept and advantages of tune-out wavelengths are discussed in [51, 52] . Tune-out wavelengths were calculated for stable alkali atoms [52] . Here we present the calculated tune-wavelengths for the 7s − 7p, 7s − 8p and 7s − 9p lines of 212 Fr and the 7s − 7p transitions of 210 Fr and 221 Fr. The energy level values for the three isotopes are taken from [50] and the transition rates are the same, which are also taken from [50] . In Fig. 5 tune-out wavelengths of the 7s − 8p and 7s − 9p lines for 212 Fr isotope are shown and the values are given in Table IV . In addition, for the 7s − 7p line of the 210,212,221 Fr isotopes tune-out wavelengths are calculated from the lifetimes of the 7p 2 P 1/2,3/2 levels and they are also given in Table IV .
The uncertainty is 0.03 nm for the tune-out wavelengths, which is from the wavelengths of the transitions and in identifying the position.
IV. CONCLUSION
In conclusion, we have calculated the light shifts of the 7s 2 S 1/2 , 7p 2 P 1/2,3/2 , and 8s 2 S 1/2 levels in francium, which is being pursued for fundamental symmetry investigations using laser cooling and trapping methods. The light shifts are calculated from the available data of energy levels and transition rates. The magic wavelengths for the state insensitive optical dipole trapping of atoms are identified for the D1 and D2 transitions of francium from the light shifts. Magic wavelengths in the ultraviolet, visible and near infrared region are identified corresponding to both blue and red detuning of frequency with respect to the laser cooling and trapping transitions. In particular, magic wavelengths between 600-700 nm and 700-1000 nm are convenient for the implementation of the optical dipole trap as lasers with sufficient power are available in these wavelengths range. Also, magic wavelengths for the forbidden 7s 2 S 1/2 −8s 2 S 1/2 transition are obtained from the light shifts of the 7s 2 S 1/2 level and the 8s 2 S 1/2 level. Furthermore, tune-out wavelengths where the ground state ac-polarizability of the francium atom vanishes is reported for three of the isotopes. 
